The distribution and clearance of aldosterone from plasma determine the fraction of secreted hormone reaching sites where the cellular actions of the hormone occur. Tait, Tait, Little, and Laumas (1) described the disappearance of aldosterone from plasma of normal man in terms of a two compartment system. Davis, Olichney, Brown, and Binnion (2) showed that the volumes of distribution and rates of clearance of aldosterone are reduced in dogs with experimental heart failure and low cardiac output. Our findings indicate that marked alterations in distribution and clearance of aldosterone are present in patients with congestive failure.
The distribution and clearance of aldosterone from plasma determine the fraction of secreted hormone reaching sites where the cellular actions of the hormone occur. Tait, Tait, Little, and Laumas (1) described the disappearance of aldosterone from plasma of normal man in terms of a two compartment system. Davis, Olichney, Brown, and Binnion (2) showed that the volumes of distribution and rates of clearance of aldosterone are reduced in dogs with experimental heart failure and low cardiac output. Our findings indicate that marked alterations in distribution and clearance of aldosterone are present in patients with congestive failure.
Tait, Little, Tait, and Flood (3) estimated the mean plasma concentration of aldosterone in human plasma from the secretion rate and the plasma clearance rate. Ayers and his colleagues (4) and Tait and associates (5) showed that hepatic clearance of aldosterone is subnormal in dogs or in man in congestive failure (4) . Camargo, Dowdy, Hancock, and Luetscher (6) demonstrated that reduced hepatic clearance and extraction of aldosterone may contribute to an increased concentration in plasma of patients with heart failure.
The liver extracts aldosterone from plasma and returns conjugates and metabolites to plasma, in which they circulate until they are excreted by the kidneys (7) . The kidneys also extract aldosterone from plasma and produce a significant fraction of the acid-labile conjugate that appears in urine (7) (8) (9) (10) . The simple models previously proposed do not accurately fit the experimental data, and it has been difficult to describe quantitatively the production of acid-labile conjugate in the liver and kidneys.
Aldosterone distribution and metabolism can be simulated with the aid of an electrical analog computer. In the studies described in this report, subjects with normal circulation or congestive heart failure have received a loading dose and continuous infusion of labeled aldosterone. The measured concentrations of labeled aldosterone in arterial and renal venous plasma have been compared with the predictions of certain models in order to evaluate the distribution of aldosterone and its removal from plasma by the kidneys and liver. The appearance of labeled conjugate in plasma and urine has been examined to determine the formation, distribution, and excretion of acidlabile conjugate. Accurate simulation of observations during several types of study restricts the choice of models and constants to such an extent that a reasonably precise description of the system results. Data from a number of patients, analyzed in a similar fashion, permit comparisons of aldosterone metabolism between patients with normal circulation and those with congestive failure.
Methods
Labeled aldosterone 1 (1,2-d-aldosterone-8H, 80 ,uc per ,ag) was checked for purity on receipt and at regular 1 Obtained through the generosity of the Endocrinology Study Section, National Institutes of Health. * RHD = rheumatic heart disease; ASHD = arteriosclerotic heart disease; pat. duct. art. = patent ductus arteriosus. Major valve lesion in capitals, minor in lower case. M = mitral; A = aortic; S = stenosis; I = incompetency.
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intervals. It was dried to remove benzene, dissolved in ethanol, and stored at -250 C. Immediately before use, it was diluted in isotonic saline solution to a concentration of 10 ,uc per 50 ml. Measured volumes of this solution were loaded into syringes for the initial injection and for a continuous infusion delivered through a short length of plastic tubing from a motor-driven syringe at a rate of 0.4 ml per minute. Samples of all solutions were saved for counting. Blood was drawn from an artery, peripheral vein, or venous catheter inserted into the arm opposite that used for infusion. Blood samples were chilled to 40 C and centrifuged. Plasma was analyzed for radioactivity as free aldosterone and as acid-labile conjugate by the methods previously reported (6, 8) . In each case, aldosterone-3H, extracted with methylene dichloride, was purified by chromatography before and after acetylation. Recovery was controlled by aldosterone-1'C added to each sample of plasma or conjugate before extraction. Tritium and 1"C were counted in a liquid scintillation spectrometer until random error was less than 3%. Conjugates were concentrated and separated from plasma proteins (8) , and the concentrate was further extracted with methylene dichloride to remove any traces of free aldosterone. A correction for recovery of acid-labile conjugate from this procedure (average 83% ± SE 5%) was made in order to make the over-all recovery from plasma comparable to that from urine. The conjugate was then hydrolyzed at pH 1 for 24 hours, yielding free aldosterone, which was extracted, purified, and counted.
Blood samples were divided and analyzed in duplicate whenever possible. The mean coefficient of variation between duplicates was 4% for free aldosterone and 8% for the conjugate. Urine was collected at stated intervals, and labeled aldosterone and conjugate were measured as previously described (8) .
Plans of study. Five control subjects without known disease and one patient with asymptomatic heart disease were studied according to plan A or B. These subjects received a measured dose of aldosterone-'H in 1 minute, followed by a sustaining infusion. In plan A, the first blood sample was drawn within 4 minutes after the initial dose, followed by additional samples during and after an infusion lasting 20 to 90 minutes. In plan B, blood samples were drawn at the midpoint of hourly urine collections for 3 hours.
Sixteen patients were studied during cardiac catheterization, performed for evaluation of valvular disease or septal defect. Clinical information and data from cardiac catheterization are given in Table I. Additional analyses  are presented from Patients 2, 8, 11, 12, and 16, who were described, in a previous report (6).
In 13 patients, blood was obtained from a renal vein, which was identified by the position of the catheter tip, by the high oxygen content, and by an extraction ratio of Hippuran-sI of greater than 50o in whole blood or of 72 to 85% in plasma (11) . Two plans were used to study the uptake and release of aldosterone and conjugate by the kidneys. In plan C, in order to approach equilibrium, a continuous infusion of labeled aldosterone was given for 1 to 2 hours. Simultaneous samples of arterial and renal venous blood were drawn during the last 20 to 30 minutes of infusion. In plan D, arterial and renal venous samples were drawn at 2.5, 10, and 20 minutes after the initial loading dose of labeled aldosterone, in order to observe the uptake and release of labeled aldosterone and conjugate before the establishment of equilibrium.
To obtain accurate estimates of renal plasma flow, we administered 2 Ac Hippuran-'mI intravenously, followed by a continuous infusion from a motor-driven syringe at a measured rate sufficient to sustain a level of 100 to 150 cpm per ml of plasma. High specific activity material 2 was used, since there is evidence (12) that the excretion of acid-labile conjugate may be depressed by high blood levels of substances that compete for transport in the renal tubules. Batches found to contain detectable inorganic "~I were rejected. Plasma Hippuran-'I was measured in a gamma-ray scintillation spectrometer.
The clearance of Hippuran-11I was estimated by two methods. When a constant concentration of "O1I in plasma was reached, the clearance was estimated by dividing the infusion rate by the plasma concentration. When equilibrium was not achieved, the plasma Hippuran-'"I determinations were simulated on the analog computer, with a two compartment system; and the rate of clearance from plasma giving the best approximation of the observed data on plasma and urine was selected. The two methods agreed within the accuracy of counting (3%) when a stable plasma concentration of Hippuran was reached, as was usual in study plan C. Under study plan D, equilibrium was not regularly achieved. In the latter instances, the range of estimates of Hippuran clearance that accurately simulated the measurements varied by less than 10% from the mean value given in Tables IV and V. Renal plasma flow was calculated by dividing the clearance by the fraction of Hippuran extracted by the kidneys.
The presence of "31I did not cause difficulty in counting tritium, owing to the difference in energy of the radiation produced by the two isotopes. Since '81I interferes with 14C counting, the following precautions were taken. Figure 1 .
Aldosterone-3H is injected into plasma compartment 1, from which it can enter (and return from) compartments 2 and 3, which are not anatomically defined. Aldosterone-'H entering the kidneys, compartment 4, can return to plasma, be excreted unchanged into urine, form acidlabile conjugate, or emerge as other, unspecified metabolites. The liver, compartment 6, also clears aldosterone from plasma, forming various conjugates and metabolites.
Acid-labile conjugate is formed in the kidneys (compartment 5) and in the liver (compartment 6'). The right-hand side of the model shows the distribution of acid-labile conjugate in plasma (compartment 7) and extravascular space (compartment 8) and its excretion through the kidneys. Experimental data comprise measurements of free aldosterone and acid-labile conjugate in blood plasma from an artery and from regional veins and of labeled aldosterone and acid-labile conjugate in urine. In the simulation, various volumes of distribution and rates of transfer between compartments were tested in an orderly fashion until the output approximated the experimental data ternative model, the inner volume of distribution is equated to the plasma volume plus the fraction (25 % ) of the red blood cell volume into which aldosterone penetrates rapidly (5). The outer volumes are V2, which equilibrates slowly with plasma, as in the two pool model; and V3, which equilibrates rapidly with plasma. Although the data can be simulated more exactly with the three pool model, the parameters have wider confidence limits and can be defined only when blood samples are drawn at frequent intervals after the initial injection of tracer.
When the normal clearances derived from the three pool model are compared with clearances of patients with congestive failure (Table IV) , it is evident that advancing heart failure is associated with a progressive reduction in clearances of aldosterone from plasma into the "outer pool," the liver, and the kidneys. Since there is no evident advantage or justification for assuming the existence of three pools in the patients with congestive failure, a two pool model has been used. If a three pool model is used, the estimated clearances are similar to those given in Table IV , but they have much larger standard deviations than those indicated in Table II. Renal extraction of aldosterone from plasma has been measured in 13 patients by drawing blood from an artery and from the renal vein (Tables  III and IV) .
When renal venous blood was collected within 3 minutes after a loading dose of aldosterone-3H, a renal extraction ratio as high as 0.45 was noted in Patients 26, 29, and 30. This was followed by a period of reduced extraction while arterial aldosterone-3H was falling, and later by an approach to a steady state extraction near 0.20 after 20 to 60 minutes of constant infusion. These findings can be simulated (Figures 4 and 5) by assuming a renal volume of approximately 300 ml. Aldosterone is cleared from plasma at a rate equal to the renal plasma flow, whereas the reverse flow from kidney into plasma is assumed to be one-third of the entry rate. In the steady state, the kidneys extract approximately 20% (± SE 2%) of arterial aldosterone over a wide range of renal plasma flow (850 to 160 ml per minute). The renal clearance of aldosterone in the steady state is proportional to renal plasma flow, which is markedly depressed in advanced congestive failure (Tables III and  IV) .
Only a small fraction (3. The quantity of acid-labile conjugate formed in the kidneys can also be expressed as the fraction of total acid-labile conjugate excreted in urine. In two asymptomatic controls, this fraction is 0.68 + 0.02. Similar results are obtained in early heart failure, but in most patients with advanced failure, the renal production of conjugate is lower, reflecting the fall in renal blood flow (Table V) .
In the control group, the observed arterial and urinary conjugate levels are well matched by the model, with constants shown in Table III , but the fraction of conjugate formed in the kidneys can be estimated only within broad limits when renal venous samples are not available. In Patient 20, if renal production of conjugate is assumed to be negligible, the calculated rate of excretion of conjugate (curve F, Figure 9 ) is significantly slower than the rate observed, even if the renal extraction ratio of the conjugate is assumed to be higher than has ever been observed. To consider an opposite extreme, if 80%o of the urinary conjugate is formed in the kidneys, the resulting curve D fits the observed rate of excretion of conjugate in urine, whereas the renal extraction ratio of 0.17 is somewhat below the least value, 0.21, observed in a patient without significant impairment of circulatory function. In the absence of renal venous samples, we have required of estimates of renal metabolism and excretion by normal controls (Table V) only that they fit the observed data, but also that the calculated extraction ratios of aldosterone and conjugate (shown in Table III ) must fall within the wide limits of renal extraction observed in patients without circulatory disability.
Distribution of acid-labile conjugate affects the concentration of conjugate in plasma and its rate of excretion in the urine. The present formulation suggests an inner volume of distribution equal to plasma volume. The addition of an outer compartment (with a volume of 16 to 20 L, equilibrating slowly with plasma) results in a more exact simulation of arterial concentration and urinary excretion of conjugate. The indicated volumes of distribution of the conjugate, which are smaller than those for free aldosterone, may reflect the exclusion of conjugate from cells, including red blood cells.
Discussion
Distribution and clearance of aldosterone; comparison and interpretation of two models: Aldosterone-3H in plasma drawn from an artery or peripheral vein can be simulated by several mathematical models. The simplest effective model contains two pools, as shown by Tait and his colleagues (1). Since the initial volume of distribution is at least five times the volume of blood plasma, this model implies that labeled aldosterone in certain organs and tissues equilibrates very quickly with plasma after injection of a tracer dose. In Sulya, McCaa, Read, and Bomer's analyses (15) of organs of a rat after injection of aldosterone-3H, the heart, kidneys, and spleen reached a maximal concentration of tritium within 5 minutes. Brain, liver, and fat reached a maximal concentration of tritium only after 15 to 30 minutes, a time period resembling that of the equilibration of Tait and colleagues' outer pool. Although the two pool model is the maximal acceptable simplification of a complex distribution system, its parameters can be accurately defined, and it is capable of reasonably good simulation of plasma aldosterone under various conditions.
The distribution of aldosterone in congestive failure differs from that in normal individuals. The changes in heart failure may be interpreted as a smaller volume in rapid equilibrium with plasma in the two pool solution. The small inner volume, which approaches the plasma volume in heart failure, is considered to reflect a diminished rate of circulation, rather than a loss of tissue. In the three pool model, the inner volume is separated into intravascular and extravascular pools, which equilibrate rapidly in the normal control. This model describes the marked reduction in clearances in heart failure in more physiological terms, but it has only a limited advantage in its ability to simulate plasma aldosterone.
Congestive heart failure affects the regulation of plasma aldosterone in two different ways: a) Reduced hepatic extraction and clearance of aldosterone tend to increase the steady state concentration of aldosterone in plasma at any given rate of secretion (5, 6) . This reduced rate of clearance would tend to prolong the half-time of aldosterone in plasma (4, 16). The half-time in plasma is also affected by distribution, however.
b) The dynamic properties of the distribution and clearance of aldosterone are affected by heart failure in such a way that changes in aldosterone secretion can be followed by larger and more abrupt changes in plasma aldosterone than would be expected in normal controls. Not only does the volume of the inner pool fall, but the fraction of plasma aldosterone irreversibly cleared each minute from plasma may increase with the onset of heart failure. The reversible loss of aldosterone from plasma increases to a limited extent. There is a marked reduction in the fraction of aldosterone in the "outer pool" that returns each minute to the inner pool. This combination results in a lessened stability or "buffering" of plasma aldosterone, which shows more rapid and larger responses to changing rates of input than are seen in normal controls.
The uptake of aldosterone by the kidneys is rapid and reversible. The kidneys behave as a small volume, with a clearance near the renal plasma flow. There may be concentration of aldosterone above the plasma level (see Appendix). The ability of the kidney to conjugate aldosterone contributes to the quick responsiveness of the pool to rapidly falling aldosterone levels. The behavior of the renal compartment, predicted by the model, is in accord with the observations of Sulya and associates (15) in the kidneys of the rat. The fraction of arterial aldosterone extracted by the kidneys is remarkably stable despite wide variations in renal plasma flow.
Hepatic clearance of aldosterone falls progressively with advancing heart failure, as previously reported (5) (6) (7) .
The alterations in aldosterone distribution and clearance in congestive failure reflect the reduced cardiac output and regional circulation. The early reduction in hepatic blood flow, and the marked fall in renal circulation in advanced failure, have been described; but the striking reduction in the rate of reversible distribution of aldosterone, beginning in early heart failure, suggests reduced circulation and exchange in the tissues, which make up the large "outer volume," and which may include fat, skin, and muscle, by inference from other studies (15, 17) .
The acid-labile conjugate of aldosterone, thought to be aldosterone-18-glucuronide (18) , has also been called the 3-oxoconjugate to distinguish it from other conjugates formed in the liver after reduction of the A4-3-ketone function. Evidence has been accumulating that this conjugate is formed not only in the liver, but also in the kidneys. Sandor and Lanthier (19) showed that renal tissue is capable of producing acid-hydrolyzable conjugates of aldosterone. The rapid excretion of conjugate, which was attributed to active renal secretion (12) , resulted in apparent renal clearance approaching renal plasma flow (7) . The kidneys take up more aldosterone-3H than they excrete, whereas conjugate-3H appears in urine at a rate greater than the rate of extraction of conjugate from plasma (8, 10) .
Further evidence for the renal production of acid-labile conjugate has been added in this report. The appearance of labeled conjugate in the renal vein in greater concentration than that in the arterial plasma, suggested by the study of Bledsoe and co-workers (10), has been consistently demonstrated to occur immediately after the, initial dose of labeled aldosterone in five patients. The excess concentration in the renal vein shows that acid-labile conjugate is produced in the kidneys and released into plasma. The concentration of labeled conjugate in renal vein later falls below that in the artery as the concentration of aldosterone-8H in plasma falls while the concentration of acid-labile conjugate rises. In the steady state, the kidney is acting both to form new conjugate and to extract preformed conjugate from the plasma.
These functions are defined by the model shown in Figure 1 . When appropriate parameters are introduced into the equations, this model is capable of simulating the observed concentrations of conjugate in arterial and renal venous plasma and the rate of excretion in the urine. Simpler models do not predict the data accurately. The estimates of volumes and clearances of conjugate given in Tables III and IV are reasonable in physiologic terms.
The fractions of urinary acid-labile conjugate arising in the kidneys and in the liver have been difficult to estimate quantitatively. The calculation requires measurements of renal plasma flow, renal extraction ratio, and urinary excretion rate of conjugate after a steady state has been reached. The long equilibration times make these conditions difficult to accomplish with certainty. The analog computer has been useful in those cases in which equilibrium was not reached, and in relating the effects observed after loading doses to those occurring during continuous infusion.
Precise estimates of the renal contribution to the urinary acid-labile conjugate require the analysis of renal venous blood (see Results and Figure 9 ). The average renal production is 58% for the 13 patients from whom renal venous blood was drawn. Calculations indicate that two-thirds of the urinary acid-labile conjugate is formed in the kidneys in two asymptomatic patients and in six patients with moderate congestive failure. In five patients with advanced heart failure, the renal production of acid-labile conjugate is 45%S of the total production.
Bledsoe and associates (10) have used an independent approach to compare the hepatic formation of acid-labile conjugate with that formed elsewhere in the body. The specific activity of urinary acid-labile conjugate was 47 to 101% higher when labeled aldosterone was given intravenously than when it was given by mouth (and presumably metabolized entirely by the liver). The simplest interpretation of their data would be that 33 to 50% of the conjugate is made in sites outside the liver, probably in the kidneys. In seven tests of four adrenalectomized patients, the average extrahepatic production was 40% of the urinary acid-hydrolyzable conjugate. The renal production of conjugate in our normal controls is estimated to be 61%, but this estimate has wide confidence limits (approximately ± 20%) because renal venous blood was not drawn from the controls. In the patients with advanced failure, the estimated renal production of 45% of the conjugate agrees well with Bledsoe and associates' estimates. The only significant differences between the estimates from the two laboratories appear in the higher values obtained from two asymptomatic subjects and the six patients with moderate congestive failure.
Taking into account all of these results, it would seem that between one-third and two-thirds of the acid-labile conjugate is formed in the kidneys. Some variation in the estimates in different groups of patients may be explained by differences in the proportions of aldosterone cleared from plasma by the kidneys and liver as a result of changing blood flow or enzymatic activity (Table V).
The distribution of acid-labile conjugate differs from that of aldosterone in that the clearances into the outer compartment are small. This difference cannot be explained by binding to plasma proteins, which appears to be less in the case of acid-labile conjugate than that observed for aldosterone. The estimated sizes of the inner and outer volumes of distribution are compatible with the plasma and interstitial fluid volumes.
Attention has been focused in this report on the acid-labile conjugate, but other metabolites, such as tetrahydroaldosterone can also be studied by similar techniques. Tetrahydroaldosterone glucuronide is the principal metabolite appearing in hepatic venous blood (8) . Bledsoe and co-workers (10) found no appreciable extrahepatic production, and our observations on renal venous blood (20) offer no evidence of significant renal production of tetrahydroaldosterone glucuronide.
The metabolism of aldosterone in the liver is predominantly by reduction and conjugation (21, 22) . On the average only 3.6% of aldosterone that enters the liver emerges undegraded as acidlabile conjugate (Table V) . Renal conjugation in the acid-labile form accounts for at least onethird to two-thirds of the aldosterone extracted by the kidneys. This estimate may prove to be lower than the true value if unaccounted losses occur during acid hydrolysis (18) .
Summary
The disappearance of aldosterone-3H from plasma has been measured in a series of 21 patients with circulatory status varying from normal to advanced congestive heart failure. The results confirm earlier reports of reduced hepatic clearance of aldosterone in heart failure, which tends to increase the concentration of aldosterone in plasma for any constant rate of secretion. Current findings also show that reduced exchange of aldosterone between plasma and other compartments in congestive failure can give rise to unusually large and rapid changes in plasma aldosterone in response to changing rate of administration or secretion.
Aldosterone uptake by the kidneys has been studied by analysis of arterial and renal venous blood and by measurement of renal plasma flow. The kidneys behave as a small compartment in which aldosterone is in rapid equilibrium with plasma. About 20%o of aldosterone is extracted from plasma passing through the kidneys over a wide range of renal blood flow. Most of the extracted aldosterone is conjugated or degraded; only a small fraction is excreted unchanged in the urine.
The formation, distribution, and excretion of acid-labile conjugate (aldosterone-18-glucuronide) have been represented by a model, which simulates the flow of tracer from injection of labeled aldosterone through excretion of conjugate in urine. The model has been tested in various experimental conditions, in which the concentrations of labeled aldosterone and conjugate in arterial and renal venous plasma, as well as the appearance of conjugate in urine, can be reproduced.
Acid-labile conjugate is formed both in the kidneys and in the liver. Most of the conjugate formed in the kidneys is rapidly excreted into urine, but an appreciable flow of labeled conjugate from kidneys to plasma can be demonstrated immediately after a loading dose of aldosterone-3H.
The average renal production is estimated to be 58% of the total acid-labile conjugate in urine. The clearances of aldosterone from plasma fall with advancing heart failure, but the reductions in hepatic and renal clearance are not in a fixed proportion. The contributions of acid-labile conjugate by the liver and kidneys appear to vary with their uptake of aldosterone and with enzymatic activity. Between one-third and two-thirds of the aldosterone that enters the kidneys is converted to acid-labile conjugate. Tetrahydroaldosterone glucuronide is the principal metabolite released by the liver, in which an average of 3.6% of aldosterone is conjugated in the acid-labile form.
Appendix
The equations for each compartment take the same form as the one given in the Methods section. The terms in each equation are indicated by the arrows that enter or leave the compartment in Figure 1 .
The outer space of aldosterone distribution (V2) is not anatomically defined. It may comprise a number of heterogeneous tissues and organs. It cannot be sampled, and its volume is a convenient abstraction. The values given in Table III Although we have not attempted to define the volume of the renal compartment, it is a factor in X14. X14 = (RPF) (k/V4). We can compute k/V4. At equilibrium, k is the ratio of the concentration of aldosterone in renal venous plasma to that in kidney. If we assume that the volume of the renal pool is 300 ml, a concentration of aldosterone in the kidneys between three and four times the concentration in plasma is indicated by the data. Since this relative concentration fits the published analyses of rat kidneys (15) , the assumption is considered acceptable and has been used in the computations.
The turnover of aldosterone and conjugate in compartments 6 and 6' is very rapid. The appearance of conjugate has been simulated by using a single compartment, with a volume of 4 L and a clearance of 2 L per minute. These values can be varied over a considerable range without much effect. The percentage of aldosterone emerging as acid-labile conjugate (Table V, data line 4), however, requires careful adjustment.
